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Description 

On-Bit, Analog Multiplexer for 
Transmission of Multi-Channel Drilling 

Information 

Background of Invention 
[0001] i. Field of the Invention. 

[0002] The present invention pertains to drilling bits, and, more 

particularly, to instrumented drilling bits. 
[0003] 2. Description of the related art. 

[0004] a s drilling technology matures and drilling operations be- 
come more complex, various types of sensors and other 
electronic components are being employed down-hole. 
Even drill bits, where the actual cutting occurs, are being 
equipped with electronics to improve or monitor their 
performance. Such bits are sometimes referred to as "in- 
strumented bits." For example, pressure transducers can 
be placed on the bit in order to obtain an overall pressure 
pattern experienced during drilling. This information may 



indicate, for instance, whether bit balling occurs which 
can significantly downgrade a bit"s performance during 
drilling operation. Usually several types of sensors are im- 
plemented on a bit so that different parameters can be 
measured simultaneously. This can result in a detailed 
measure of the bit"s performance during drilling that can 
be transmitted up the drill string to either the surface or a 
sub-assembly for storage. The positions of these sensors 
on the bit may vary, but multiple wires from each trans- 
ducer transmit information up the drill string. Conven- 
tionally, this was implemented using a multi-pin connec- 
tor with strict size limitations. The size limitations also 
limited the number of wires that could be connected. 
[0005] one approach to this problem is employs digital multi- 
plexers and digital circuitry down-hole. The information is 
handled digitally because digital data is relatively high 
quality. Data converted to a digital stream is more im- 
mune to noise than is analog data because there are es- 
sentially only two states that the data can take on, 1 or 0; 
these states can be represented by easily discernable volt- 
ages such as 5V and 0V for example (actual voltage levels 
depend on power supply requirements). It is much easier 
to retain the integrity of digital data that has only two 



possible values than data spanning over a continuous 
voltage range such as in an analog waveform. 

[0006] on the other hand, an analog waveform traveling over one 
or more conductors for any significant distance 
(depending on environment, this distance may vary), will 
get noise coupled on top of that waveform and potentially 
corrupt the data being transferred. An application such as 
an acquisition tool with analog sensors will typically install 
analog-to-digital converters and digital multiplexers in 
very close proximity to the sensors. This ensures that the 
analog waveform does not have to travel very far before 
getting converted to digital format, hence minimizing the 
chance of picking up noise. 

[0007] By installing sensors as close as possible to the cutters on 
a bit, one is able to more accurately measure various ef- 
fects during drilling. But space is a premium when it 
comes to bit designs, and so one of the biggest chal- 
lenges with an application "on-the-bit" is finding room to 
mount electronics and install conductors. There is a deli- 
cate balance between implementing as much circuit func- 
tionality as possible while retaining the design structure 
of the drill bit to ensure high quality drilling. Thus, the 
conventional approach to analog components in down- 



hole applications is fraught with difficulty when applied to 

bits since it adds an extra electronic component (the A/D 

converter) as well. 

[0008] The present invention is directed to resolving, or at least 

reducing, one or all of the problems mentioned above. 
Summary of Invention 

[0009] The invention includes, in its various aspects and embodi- 
ments, a method and apparatus for multiplexing data on- 
bit in a drilling operation. The apparatus comprises a bit; 
a plurality of transducers situated on the bit; and an ana- 
log multiplexer situated on the on the bit and capable of 
receiving the output of the transducers, multiplexing the 
received outputs, and transmitting the multiplexed out- 
puts. The method comprises taking a plurality of mea- 
surements of at least one down-hole drilling condition at 
a bit of a drill string; generating a plurality of analog sig- 
nals representative of the measurements; and multiplex- 
ing the analog signals at the bit. 
Brief Description of Drawings 

[0010] The invention may be understood by reference to the fol- 
lowing description taken in conjunction with the accom- 
panying drawings, in which like reference numerals iden- 



tify like elements. 

[001 1] FIG. 1 illustrates a first embodiment of an instrumented 
drill bit in accordance with the present invention. 

[0012] FIG. 2 is a circuit diagram of selected portions of the cir- 
cuitry on the instrumented bit of FIG. 1. 

[0013] FIG. 3 illustrates a drill string including the instrumented 
bit of FIG. 1 in use. 

[0014] FIG. 4 is a circuit diagram of selected portions of the cir- 
cuitry of a down-hole tool above the instrumented bit of 
FIG. 1 in the drill string of FIG. 3. 

[0015] FIG. 5 FIG. 6 illustrate a second alternative embodiment of 
an instrumented bit in accordance with the present inven- 
tion. 

[0016] FIG. 7 A - FIG. 7D illustrate several alternative embodi- 
ments of an instrumented bit in accordance with the 
present invention. 

[0017] FIG. 8 FIG. 10 illustrate another alternative embodiment of 
an instrumented bit in accordance with the present inven- 
tion. 

[0018] FIG. 11 conceptually illustrates a drilling operation em- 
ploying the embodiment of FIG. 8 FIG. 10 down-hole in 
accordance with an embodiment alternative to that shown 
in FIG. 3. 



[00 1 9] FIG. 12A FIG. 12B depict an exemplary joint in the drill 
string of FIG. 11;FIG. 13A FIG. 13C illustrate one section 
of pipe, two of which are mated to form the joint of FIG. 
12A FIG. 12B. 

[0020] FIG. 14A FIG. 14B illustrate an electromagnetic coupler of 
the section in FIG. 13A FIG. 13C in assembled and ex- 
ploded views, respectively, that form a electromagnetic 
coupling in the joint of FIG. 12A FIG. 12B. 

[0021] FIG. 15 illustrates a drilling operation in which the present 
invention is used in a directional drilling application, as 
opposed to the vertical drilling applications of FIG. 3 and 
FIG. 11. 

[0022] while the invention is susceptible to various modifications 
and alternative forms, the drawings illustrate specific em- 
bodiments herein described in detail by way of example. It 
should be understood, however, that the description 
herein of specific embodiments is not intended to limit 
the invention to the particular forms disclosed, but on the 
contrary, the intention is to cover all modifications, equiv- 
alents, and alternatives falling within the spirit and scope 

of the invention as defined by the appended claims. 
Detailed Description 

[0023] illustrative embodiments of the invention are described 



below. In the interest of clarity, not all features of an ac- 
tual implementation are described in this specification. It 
will of course be appreciated that in the development of 
any such actual embodiment, numerous implementation-spe- 
cific decisions must be made to achieve the developers" 
specific goals, such as compliance with system-related 
and business-related constraints, which will vary from one 
implementation to another. Moreover, it will be appreci- 
ated that such a development effort, even if complex and 
time-consuming, would be a routine undertaking for 
those of ordinary skill in the art having the benefit of this 
disclosure. 

[0024] FIG. 1 conceptually illustrates an instrumented bit 100 

constructed in accordance with the present invention. The 
instrumented bit 100 comprises a bit 103, a plurality of 
transducers 106, and an analog multiplexer 109. The 
transducers 106 and analog multiplexer 109 may be situ- 
ated on the bit 103 in any suitable manner known to the 
art. In operation, the transducers 106 sense various con- 
ditions in the environment in which the bit 103 operates, 
and outputs analog electrical signals indicative of the 
sensed condition on the respective lines 112. The analog 
multiplexer 109 receives the outputs of the transducers 



106 over the lines 112, multiplexes them, and transmits 
the multiplexed outputs over the line 115. Thus, the ana- 
log multiplexer 109 is capable of receiving the output of 
the transducers 106, multiplexing the received outputs, 
and transmitting the multiplexed outputs. 

[0025] More particularly, the bit 103 may be any conventional bit 
known to the art. For example, the bit 103 may be a roller 
cone bit or a fixed cutter bit. The bit 103 includes a 
thread 118 by which the bit 103 may be joined to sections 
of drill pipe, subs, or tools (none of which are shown in 
FIG. 1) to comprise a portion of a drill string. The bit 103 
defines a channel 121 extending therethrough and 
through which drilling fluids may be pumped in accor- 
dance with standard practices known to the art. The bit 
103 also defines, in this particular embodiment, a plural- 
ity of "pockets" 124 in which the transducers 106 are sit- 
uated in accordance with conventional practice. 

[0026] The design, manufacture, and implementation of the 

thread 118, channel 121, and pockets 124 are all conven- 
tional and well known in the art. Conventional bits with 
which the bit 103 may be implemented in various embod- 
iments routinely incorporate such features. These aspects 
of the bit 103 are also not material to the practice of the 



invention. Accordingly, so as not to obscure the present 
invention, they will not be discussed any further. 
[0027] As mentioned above, the transducers 106 sense various 
conditions in the environment in which the bit 103 oper- 
ates. These conditions may be, for example, associated 
with temperature, pressure, direction, stress, etc. The 
conditions of interest will be known to those in the art 
having the benefit of this disclosure and will be imple- 
mentation specific. Thus, various alternative embodiments 
may employ different types of sensors. Exemplary types of 
sensors that may be employed in various embodiments 
include, but are not limited to, temperature transducers, 
strain gauges, accelerometers, pressure transducers, and 
directional transducers. In one particular embodiment, at 
least one of the transducers 106 is a wear sensor, which is 
not known to the art but is disclosed in co-pending 
United States Provisional Application Serial No. 
60/521,299, entitled "Wear Sensor", and filed on March 
29, 2004, in the name of the inventors Marcel Boucher, et 
al. (Attorney Docket No. 78.1173), and commonly as- 
signed herewith. Note that some embodiments may em- 
ploy a set of transducers 106 that are all of the same type, 
while others may "mix-and-match"different types of 



transducers 106. 

[0028] Also as will be appreciated by those in the art having the 
benefit of this disclosure, the number and position of the 
transducers 106 will depend on the conditions to be 
sensed. Temperature sensors may be employed in differ- 
ent numbers and different locations from pressure sen- 
sors, for instance. The considerations as to number and 
placement of the transducers 106 as a function of the 
conditions they sense are well known in the art. Selection, 
number, and placement of the transducers 106 is there- 
fore not material to the present invention, although they 
may be concerns in implementing individual embodi- 
ments. However, since these matters are well within the 
ordinary skill of the art, they are not further discussed so 
as to avoid obscuring the present invention. 

[0029] The analog multiplexer 109, as mentioned above, receives 
the outputs of the transducers 106 over the lines 112, 
multiplexes them, and transmits the multiplexed outputs 
uphole over the line 115. The analog multiplexer 109 
should be sufficiently rugged to withstand the rigors of 
operating in the relatively harsh environments encoun- 
tered down-hole during drilling. Some commercially avail- 
able, off-the-shelf analog multiplexers are available. One 



such analog multiplexer is the LTC1390, commercially 
available from:Linear Technology, Inc. 
[0030] 108O W. Sam Houston Parkway, Suite 225Houston, TX 
77043Tel: 713-463-5001Fax: 713-463-5009Linear 
Technology may also be contacted through their website 
on the Internet. However, other analog multiplexers may 
be employed. 

[0031] By multiplexing the outputs of the transducers 106, the 
present invention effectively reduces the number of leads, 
and therefore the number of connections, needed to carry 
the information to, for instance, the surface. In the illus- 
trated embodiment, the analog multiplexer 109 multi- 
plexes the outputs of three transducers 106 onto the sin- 
gle line 115. The illustrated embodiment therefore uses 
only a single conductor (i.e., the line 115) to transport 
data from multiple data sources (i.e., the transducers 106) 
to, for example, a subassembly (not shown) above the bit 
and, eventually, the surface. The illustrated embodiment 
realizes a three to one reduction in the number of lines 
and connections, although the scale of the reduction will 
be implementation specific. 

[0032] The transducers 106 and the analog multiplexer 109 are 
wired together, as shown in FIG. 2, into an on-bit electri- 



cal circuit 200. Techniques for wiring electrical circuits 
on-bit are known to the art, and such techniques may be 
used to wire the circuit 200. Note that the circuit 200 in- 
cludes a clock signal 203, a power (V+) signal 206, and a 
power (GND) signal 209 not shown in FIG. 1. These signals 
may be provided on-bit in a manner described more fully 
below, or may be transmitted directly to the instrumented 
bit 100, shown in FIG. 1, through the drill string (not 
shown). For instance, these signals may be transmitted to 
the instrumented bit 100 over the lines 127. In the illus- 
trated embodiment, the analog multiplexer 109 changes 
state on the falling edge (not shown) of the clock signal 
203. The analog multiplexer 109 and, hence, the circuit 
200, transmits the data 212 up hole to the rest of the drill 
string (not shown). 
[0033] FIG. 3 illustrates the instrumented bit 100 of FIG. 1 as- 
sembled into a drill string 300. The drill string 300 is sus- 
pended in a bore 303 in the ground 306 from equipment 
(not shown) aboard a drilling rig 309. The drill string 300 
comprises, in addition to the instrumented bit 100, a plu- 
rality of sections 3120 312x, which may be variety of drill 
pipe sections, subassemblies, tools, etc. as are commonly 
known and used in the art. However, the section 312x, in 



this particular embodiment, is a down-hole tool designed 
to connect to the instrumented bit 100 in accordance with 
the present invention. 
[0034] The section 312x includes, as is shown in FIG. 4, a circuit 
400. The circuit 400 comprises a battery pack 403 gener- 
ating the power (V+) and power (GND) signals 206, 209 
and a clock circuit 406 generating the clock signal 203, 
the signals 203, 206, 209 being provided to the circuit 
200, shown in FIG. 2, as described above. Note that, in 
this particular implementation, the power from the battery 
pack 403 passes through a DC/DC converter 409 to step 
the voltage down from that produced by the battery pack 
403 to that consumed by the components of the circuit 
200. Analog data from the instrumented bit 100 is con- 
verted to digital by the analog-to-digital ("A/D") converter 
412, processed by the field programmable gate array 
("FPGA") 415, and stored in the flash memory 418. Note 
that the circuit 400 admits variation in its implementation. 
For instance, the FPGA 415 could be replaced with, for ex- 
ample, a digital signal processor ("DSP") and the flash 
memory 418 may be replaced by some other kind of stor- 
age. 

[0035] The sampling rate for the multiplexer 109, shown in FIG. 



1 and FIG. 2, is chosen according to the desired frequency 
content to be retained in the data, and the sampling is 
carried out by the multiplexer 109 driven by a CLOCK tim- 
ing signal 203. At each falling edge of the CLOCK timing 
signal 203, the multiplexer 109 samples an analog chan- 
nel from one of the transducers 106 on one of its inputs 
215. The data sampled on the inputs 215 is combined 
into a serial stream and presented at the output 218 of 
the multiplexer 109. The serial stream of data produced 
on the multiplexer output 218 is then transmitted up the 
bit 103 and into the drill string 300, shown in FIG. 3, via a 
single conductor. If desired, an analog de-multiplexer 
(not shown) of the same type may be implemented within 
the drill string 300 to split the data back out into parallel. 
[0036] Returning to FIG. 3, the data 212, first shown in FIG. 2, is 
either stored down-hole until the drill string 300 is 
tripped to the surface 315, or it is transmitted to the sur- 
face 315 during drilling operations. In the illustrated em- 
bodiment, the data is stored down-hole. If transmitted to 
the surface 315, the data 212 will typically be transmitted 
to a computing apparatus 318. The computing apparatus 
318 may store the data 212 and/or analyze it to deter- 
mine whether it is desirable to change drilling conditions 



to meet drilling goals. Such an analysis may be performed 
contemporaneously or at some later time. If the data 212 
is stored, it can be archived. In some embodiments, the 
data 212 may even be transported offsite, whether by 
satellite communication, transmission over a network 
connection (to, e.g., the Internet), or transport on a stor- 
age medium (e.g., a floppy disk). 

[0037] Thus, the present invention provides an instrumented bit 
(e.g., the instrumented bit 100, of FIG. 1) in which the cir- 
cuit designer can cut out a whole analog-to-digital con- 
version stage by not converting the analog waveform to 
digital format prior to multiplexing. This will result in 
fewer wire traces and fewer chips needed, thereby reduc- 
ing the overall footprint of the circuit design. The empha- 
sis is to save critical design space by keeping as much cir- 
cuitry away from the cutting structure of the bit and more 
concentrated in the bit body, and analog multiplexers al- 
low this to a greater degree than do digital multiplexers. 

[0038] However, by keeping the data in analog format there is 
some risk of noise interference as discussed above. This 
noise corruption can be kept in check using a separate 
analog filter contained in the pre-processing stage prior 
to multiplexing in some embodiments. If so desired, the 



analog multiplexed signal can also be run through an 
analog-to-digital ("A/D") converter before being transmit- 
ted from the bit. This promises better noise immunity for 
the transmitted data signal and prepares the signal for a 
digital communication interface with sub-assembly tools. 
Some embodiments may also choose to filter prior to A/D 
conversion to help suppress noise. An integrated filter 
and A/D converter may be used without significant in- 
crease in space relative to an A/D converter. 
[0039] Thus, the present invention admits some degree of varia- 
tion in implementation. Consider, for instance, the instru- 
mented bit 500, shown in FIG. 5. The instrumented bit 
500 differs from the instrumented bit 110, shown in FIG. 
1, in at least three ways. First, the instrumented bit 500 
employs a sufficient number of transducers 503 dis- 
tributed about the bit 506 that a plurality of multiplexers 
509 are employed. Although this doubles the number of 
lines 512 on which the multiplexers 509 output data, it 
still reduces the number of lines on which the data would 
otherwise be sent up hole by a factor of three to one. Sec- 
ond, the instrumented bit 500 includes some power and 
timing circuitry 515, which is now on-bit, as opposed to 
in an up hole tool. This reduces the three lines on which 



the clock signal 203, power (V+) signal 206, and power 
(GND) signal 209, first shown in FIG. 2, in the instru- 
mented bit 100, shown in FIG. 1, to a single line 518. 
Third, the instrumented bit 500 includes a plurality of fil- 
ters 521 to mitigate aliasing effects that may arise from 
the multiplexer sampling process. 
[0040] Some types of transducers 503 will not need filters be- 
cause the sampling by the multiplexers 509 will not intro- 
duce aliasing effects in their output. For instance, the out- 
put of temperature sensors, accelerometers, and wear 
sensors may not need to be filtered. Furthermore, some 
types of sensors whose output may need filtering may in- 
clude such filters a priori, thereby eliminating the need for 
additional filters such as the filters 521. Conversely, filters 
521 may be employed even where not necessarily techni- 
cally desirable to reduce such aliasing effects. Thus, the 
inclusion of the filters 521 to prevent aliasing effects will 
be implementation specific. However, the absence of fil- 
ters such as the filters 521 will increase the likelihood of 
data corruption resulting from noise. Data processing 
techniques are known to the art and are available for re- 
ducing data corruption from sources such as noise. Nev- 
ertheless, even where not necessary to prevent aliasing 



effects, most embodiments will choose to employ filters 
such as the filters 521 prior to multiplexing anyway. 
Where used, the filters 521 can be implemented using 
simple RC ("resistance-capacitance") circuits. 

[0041] with respect to the embodiment of FIG. 5 and FIG. 6, more 
technically, a variety of sensors can be used to implement 
the transducers 503 and measure desired parameters of 
the performance of the bit 506. For example, the bit 506 
might have eight sensors installed in pockets (not shown) 
machined within the body of the bit. Also, assume the bit 
506 is a roller-cone bit, although the present invention 
can be used for both fixed-cutter and roller-cone bits. 
The transducers 503 can then be: 

[0042] -three single axis accelerometers for measuring shocks 
(e.g., model 7290A by Endevco Corporation, 30700 Ran- 
cho Viejo Road, San Juan Capistrano, CA 92675, ph: 
800-982-6732; fax: 949-661-7231). 

[0043] -three temperature sensors for measuring bearing tem- 
perature (e.g., model RTD800 by OMEGA Engineering, 
Inc., One Omega Drive, Stamford, Connecticut 
06907-0047, P.O. Box 4047, ph: (800)-848-4286 or 
(203)-359-1660; fax: (203)-359-7700). 

[0044] -three strain gauges for measuring strain within the bit 



(e.g., TK-06-S111M-10C by Vishay Intertechnology, Inc., 
One Greenwich Place, Shelton, CT 06484, United States, 
ph:: 1-402-563-6866; Fax: 1-402-563-6296). 

[0045] All these vendors also have sites through which they can 
be contacted and equipment purchased on the World Wide 
Web of the Internet. Note that other makes, manufactures, 
and types may be used in alternative embodiments. 

[0046] The output 603 of each transducer 503 is fed into an ana- 
log, anti-aliasing filter 521 and then, in this particular im- 
plementation, into an amplification stage (not shown) that 
adds gain and offset to the sensor output signal to match 
the input voltage range of the multiplexer 509. The sepa- 
rate data signals 606 are then fed into an analog multi- 
plexer 509, which successively samples these data lines 
with minimum time delay introduced. The filters 521 can 
be implemented using a simple RC circuit with a designed 
time constant that depends on overall desired frequency 
content to be retained in the data. Filtering prevents alias- 
ing effects from occurring during the multiplexer sam- 
pling process and also to reduce unwanted noise. For ex- 
ample, to retain frequencies less than 400Hz, the anti- 
aliasing filters 521 can be safely designed to have a 3dB 
cutoff at 1kHz. 



[0047] The multiplexer sampling rate also satisfies the Nyquist 
rate. In the illustration above, to satisfy the Nyquist rate, 
the sampling rate exceeds 800 Hz. Accordingly, the sam- 
pling is performed the multiplexer 509 driven by a CLOCK 
timing signal 203 with a frequency greater than 800 Hz. 
The commercially available, eight-channel LTC1390 mul- 
tiplexer, mentioned above, can be clocked at this fre- 
quency by a timing signal produced by a small crystal os- 
cillator mounted either on the bit 506 or on a subassem- 
bly above the instrumented bit 500 (e.g., the section 
312x), depending on whether a down-hole tool is present. 
At each trailing clock edge, the multiplexers 509 sample 
an analog channel on one of its inputs 603. The data 
sampled on the inputs 603 is concatenated into a serial 
stream and presented at the outputs 609 of the multi- 
plexers 509. The serial stream of data produced on each 
multiplexer output 609 is then transmitted through the 
bit 506 via a single conductor. 

[0048] N 0 te that not all embodiments will necessarily include 
both the filters 521 and the power and timing circuitry 
515, or either of those in conjunction with the additional 
multiplexers 509. Thus, in addition to the components of 
the instrumented bit 100 in FIG. 1, various alternative em- 



bodiments might use any one of, or any combination of, 
or all of: 

[0049] . a fjiter capable of filtering the analog output of the trans- 
ducers. 

[0050] . a power circuit providing a power signal to at least one of 
the multiplexer and at least one of the transducers. 

[0051] . a timing circuit capable of providing a timing signal to at 
least one of the multiplexer and at least one of the trans- 
ducers. 

[0052] . one or more additional mutliplexers. 

[0053] still other variations may become apparent to those 
skilled in the art having the benefit of this disclosure. 

[0054] As was previously mentioned, it is generally desirable to 
reduce the number of connectors between the bit and the 
rest of the drill string. The instrumented bit 500 of FIG. 5 
includes eight transducers 503 and two multiplexers 509. 
Each of the multiplexers 509 is, in the illustrated embodi- 
ment, a four-channel multiplexer. However, in alternative 
embodiments, the multiplexers 509 can be implemented 
with a commercially available, eight-channel multiplexer. 
Thus, in some embodiments, one of the multiplexers 509 
can be eliminated by multiplexing the outputs 603, shown 
in FIG. 6, of all eight transducers 503 with the remaining 



multiplexer 509. Alternatively, the outputs of the multi- 
plexers 509 may be also be multiplexed. FIG. 7A illus- 
trates one such embodiment wherein the outputs 609 of 
the multiplexers 509 in an instrumented bit 700a are in- 
put to another multiplexer 703, multiplexed, and output 
so that the data is transmitted up hole on only a single 
line 706. 

[0055] Also as was previously mentioned, it may be desirable to 
convert the data to a digital format in some embodiments 
even though not right at the transducers. In the instru- 
mented bit 100 of FIG. 1, the A/D capability is performed 
by the A/D converter 412, shown in FIG. 4, of the section 
312x, shown in FIG. 3, of the drill string 300. However, in 
some embodiments, the A/D capability may be mounted 
on-bit. FIG. 7B depicts an instrumented bit 700b, which 
substitutes integrated A/D converters and multiplexers 
709 for the multiplexers 509 of the instrumented bit 500 
in FIG. 5. The A/D converters perform the A/D conversion 
after the transducer outputs are multiplexed. Thus, the 
data stream on the lines 712 is digital, rather than analog. 

[0056] Depending on the method of data retention or transmis- 
sion, this data stream can be either transmitted into the 
drill string via very few conductors to a down-hole tool 



above the bit (i.e., a memory-mode tool) or across the 
pipe connection using inductive coils coupled together in 
close proximity (i.e., real-time transmission via intelligent 
drill pipe). The former option was discussed above relative 
to the embodiment of FIG. 1 FIG. 2 as used in the drill 
string of FIG. 3, with the selected portions of the electrical 
circuitry for the tool being shown in FIG. 4. The latter op- 
tion will now disclosed. 

[0057] N 0te t hat, if a single wire 518 is used to draw power from 
batteries (e.g., the batteries 403 in FIG. 4) located in a sub 
above the bit 500, as is shown in FIG. 5, then this wire 
would correspond to V+. Since the bit 500 and the sub 
are essentially connected to the same ground plane (i.e., 
the earth being drilled through), an electrical ground wire 
can be omitted. However, technically, an electrical ground 
wire from the sub's battery ground to the ground of cir- 
cuit 515 to the power circuitry 515 located on-bit would 
also be desirable, as shown in FIG. 7C. In this particular 
embodiment 700c, the wire 518 to the bit 500 in FIG. 5 
has been replaced by the two wire bus 715, one wire be- 
ing V+ and the other being an electrical ground. 

[0058] Some alternative embodiments may also employ stand- 
alone power and timing circuitry that does not receive 



power from a source off the bit. One such embodiment 
700d is shown in FIG. 7D. For the instrumented bit 700d, 
the power source (i.e., batteries) is moved on-bit to the 
timing and power circuitry 718 rather than on an up-hole 
sub. Thus, the instrumented bit 700d eliminates the need 
for the wire 518 in FIG. 5 altogether, and further reduces 
the number of leads and electrical connections between 
the instrumented bit 700d and the rest of the drill string. 

[0059] FIG. 8 FIG. 9 illustrate an instrumented bit 800 and the 
electronic circuit 900 thereon, respectively. The instru- 
mented bit 800 includes a plurality of transducers 803 
whose outputs are filtered by the filters 821 and multi- 
plexed by the multiplexer 809 for transmission uphole, as 
was discussed above for other embodiments. The on-bit 
power and timing circuit 815 provides power and timing 
signals to the transducers 803, filters 821, and multi- 
plexer 809, also in the manner discussed above for other 
embodiments. Note that, in this particular embodiment, 
the filtered outputs of all eight of the transducers 803 are 
multiplexed by the single multiplexer 809. 

[0060] However, the instrumented bit 800 is intended for use in a 
drill string employing "intelligent", or "wired", drill pipe. 
The instrumented bit 800 therefore also includes trans- 



mission circuitry 824 that conditions the multiplexed data 
for transmission uphole. The transmission circuitry 824 is 
better illustrated in FIG. 10, and includes an A/D converter 
1003, a micro-controller 1006, a digital modem 1009, 
and an analog switch 1012. Power signals POWER (V+) 
206 and POWER (GND) 209 from the power and timing 
circuit 815 power these components through a linear reg- 
ulator 1015. 

[0061] M 0re particularly, the analog multiplexed data 212, shown 
in FIG. 9, is received over the line 1018 and converted to 
digital by the A/D converter 1003. The microcontroller 
1006 communicates with other down-hole acquisition 
systems (not shown) present in the drill string via RS232 
interface. It receives and processes data received through 
the digital modem 1009 and from the instrumented bit 
800, i.e. s the data digitized by the A/D converter 1003. 
With respect to the digitized data, the microcontroller 
1006 formats the outgoing data for transmission along 
the wired drill pipe (i.e., adds start/stop bits, checksum, 
etc). 

[0062] The digital modem 1006 modulates the digital data, 

transmitted in packets, for transmission uphole in light of 
the inductive mechanism, illustrated in FIG. 12A FIG. 14B, 



and discussed further below, used in implementing the 
transmission path. The analog switch 1012 routes the 
digital, modulated data up the wired drill string. Note, 
however, that if the transmission circuitry were moved 
off-bit, the analog switch 1012 would be responsible for 
routing signals both up and down the drill string. In this 
particular embodiment, the signals might include, in addi- 
tion to the modulated digital data originating from the 
transducers 803, shown in FIG. 8, data from sensors up 
and down the drill string. These signals might also include 
command and control signals to the instrumented bit 800 
or other instrumented tools in the drill string. 

[0063] FIG. 11 schematically illustrates a drilling operation 1100 
employing the instrumented bit 800, best shown in FIG. 8, 
comprising a portion of the drill string 1103. In the 
drilling operation 1100, a drill string 1103, including the 
instrumented bit 800, is drilling a borehole 1104 in the 
ground 1105 beneath the surface 1107 thereof. In this 
particular embodiment, the drill string 1103 implements a 
"down-hole local area network,"or "DLAN". 

[0064] The drilling operation 1100 includes a rig 1106 from 

which the drill string 1103 is suspended through a kelly 
1109. A data transceiver 1112 is fitted on top of the kelly 



1109, which is, in turn, connected to a drill string 1103 
comprised of a plurality of sections of drill pipe 1115 
(only one indicated). Also within the drill string 1103 are 
tools (not indicated) such as jars and stabilizers. Drill col- 
lars (also not indicated) and heavyweight drill pipe 1118 
are located near the bottom of the drill string 1103. A 
data and crossover sub 1121 is included just above the 
instrumented bit 800. The drill string 1103 interfaces with 
a computing apparatus 1124 through the kelly 1109 by 
means of a swivel, such as is known in the art. 

[0065] The drill string 1103 will include a variety of instrumented 
tools for gathering information regarding down-hole 
drilling conditions. For instance, the instrumented bit 800 
is connected to a data and crossover sub 1121 housing a 
sensor apparatus 1124 including an accelerometer (not 
shown). The accelerometer is useful for gathering real 
time data from the bottom of the hole. For example, the 
accelerometer can give a quantitative measure of bit vi- 
bration. The data and crossover sub 1121 includes a 
transmission path such as that described below for the 
sections 1300 in FIG. 13A FIG. 13C. So, too, do the instru- 
mented bit 800 and the heavyweight drill pipe 1118. 

[0066] Thus, many other types of data sources may and typically 



will be included aside from those on the instrumented bit 
800. Exemplary measurements that may be of interest in- 
clude hole temperature and pressure, salinity and pH of 
the drilling mud, magnetic declination and horizontal 
declination of the bottom-hole assembly, seismic look- 
ahead information about the surrounding formation, elec- 
trical resistivity of the formation, pore pressure of the for- 
mation, gamma ray characterization of the formation, and 
so forth. 

[0067] jo accommodate the transmission of the anticipated vol- 
ume of data, the drill string 1103 will transmit data at a 
rate of at least 100 bits/second, and on up to at least 
1,000,000 bits/second. However, signal attenuation is a 
concern. A typical length for a section of pipe (e.g., the 
section 1300 in FIG. 13A), is 30" 120". Drill strings in oil 
and gas production can extend as long as 20,000" 
30,000", or longer, which means that as many as 700 sec- 
tions of drill pipe, down hole tools, collars, subs, etc. can 
found in a drill string such as the drill string 1103. The 
transmission line created through the drill string by the 
pipe described above will typically transmit the informa- 
tion signal a distance of 1,000 to 2,000 feet before the 
signal is attenuated to the point where amplification will 



be desirable. Thus, amplifiers, or "repeaters, "1130 (only 
one shown) are provided for approximately for some of 
the components in the drill string 1103, for example, 5% 
of components not to exceed 10%, in the illustrated em- 
bodiment. 

[0068] such repeaters can be simple "dumb" repeaters that only 
increase the amplitude of the signal without any other 
modification. A simple amplifier, however, will also am- 
plify any noise in the signal. Although the down-hole en- 
vironment may be relatively free of electrical noise in the 
RF frequency range preferred by the illustrated embodi- 
ment, a "smart" repeater that detects any errors in the 
data stream and restores the signal, error free, while 
eliminating baseline noise, is preferred. Any of a number 
of known digital error correction schemes can be em- 
ployed in a down-hole network incorporating a 
"smart'Vepeater. 

[0069] The drill string 1103 comprises "wired pipe" that is, it in- 
cludes a transmission path (not shown, but discussed fur- 
ther below) down its length. The present invention con- 
templates wide variation in the implementation of the 
transmission path under test. However, the transmission 
path of the illustrated embodiment, and reasonable varia- 



tions thereon, are more fully disclosed and claimed in 
United States Letters Patent 6,670,880, entitled "Down- 
hole Data Transmission System, "and issued December 30, 
2003, in the name of the inventors David R. Hall, et al. 

[0070] The joints 1200 (not all indicated) between these sections 
of the drill string 1103 comprise joints such as the joint 
1200 best shown in FIG. 12A FIG. 12B. FIG. 12A is an en- 
larged view of the made up joint 1200 of FIG. 1. The two 
individual sections 1300 are best shown in FIG. 13A FIG. 
13C. FIG. 12B is an enlarged view of a portion 1203 of 
view in FIG. 12A of the joint 1200. FIG. 13B FIG. 13C are 
enlarged views of a portion 1302 of a box end 1309 and a 
portion 1304 of the pin end 1306 of the section 1300 as 
shown in FIG. 13A. 

[0071] As will be discussed further below, each section 1300 in- 
cludes a transmission path that, when the two sections 
1300 are mated as shown in FIG. 12A, aligns. When ener- 
gized, the two transmission paths electromagnetically 
couple across the joint 1200 to create a single transmis- 
sion path through the drill string 1103. The present in- 
vention is directed to testing the electromagnetic connec- 
tivity across joints in a drill string such as the joint 1200 
and, hence, the transmission path in the drill string 1103. 



Various aspects of the particular transmission path of the 
illustrated embodiment are more particularly disclosed 
and claimed in the aforementioned United States Letters 
Patent 6,670,880. Pertinent portions of that patent are 
excerpted below. However, the present invention may be 
employed with other types of drill pipe and transmission 
systems. 

[0072] Turning now to FIG. 13A, each section 1300 includes a 

tube body 1303 welded to an externally threaded pin end 
1306 and an internally threaded box end 1309. Pin and 
box end designs for sections of drill pipe are well known 
to the art, and any suitable design may be used. Accept- 
able designs include those disclosed and claimed in: 

[0073] -united States Letters Patent No. 5,908,212, entitled "Ultra 
High Torque Double Shoulder Tool Joint", and issued June 
1, 1999, to Grant Prideco, Inc. of The Woodlands, Texas, 
as assignee of the inventors Smith, et al. 

[OO 74 ] -United States Letters Patent No. 5,454,605, entitled "Tool 
Joint Connection with Interlocking Wedge Threads", and 
issued October 3, 1995, to Hydril Company of Houston, 
Texas, as assignee of the inventor Keith C. Mott. 

[0075] However, other pin and box end designs may be em- 
ployed. 



[0076] Grooves 1312, 1315, best shown in FIG. 13B FIG. 13C, are 
provided in the respective tool joint 1200 as a means for 
housing electromagnetic couplers 1316, each comprising 
a pair of toroidal cores 1318, 1321 having magnetic per- 
meability about which a radial or Archimedean coil (not 
shown) is wound. . The groove 1315 is recessed into the 
secondary shoulder, or face, 1342 of the pin end 1306. 
The groove 1312 is recessed into the internal shoulder 
1345. Additional information regarding the pin and box 
ends 1306, 1309, their manufacture, and placement is 
disclosed in the aforementioned United States Letters 
Patent 6,670,880. In the illustrated embodiment, the 
grooves 1315, 1312 are located so as to lie equidistant 
between the inner and outer diameter of the face 1342 
and the shoulder 1345. Further, in this orientation, the 
grooves 1315, 1312 are located so as to be substantially 
aligned as the joint 1200 is made up. 

[0077] FIG. 14A - FIG. 14B illustrate an electromagnetic coupler 
1316 in assembled and exploded views, respectively. Ad- 
ditional information regarding the construction and oper- 
ation of the electromagnetic coupler 1316 in various al- 
ternative embodiments are disclosed in the aforemen- 
tioned United States Letters Patent 6,670,880. 



[0078] As previously mentioned, the electromagnetic coupler 

1316 consists of an Archimedean coil, or planar, radially 
wound, annular coil 1403, inserted into a core 1406. The 
laminated and tape wound, or solid, core 1406 may be a 
metal or metal tape material having magnetic permeabil- 
ity, such as ferromagnetic materials, irons, powdered 
irons, ferrites, or composite ceramics, or a combination 
thereof. In some embodiments, the core material may 
even be a material without magnetic permeability such as 
a polymer, like polyvinyl chloride ("PVC"). More particu- 
larly, in the illustrated embodiment, the core 1406 com- 
prises a magnetically conducting, electrically insulating 
("MCEI") element. The annular coils 1403 may also be 
wound axially within the core material and may consist of 
one or more than one layers of coils 1403. 

[0079] As can best be seen in the cross section in FIG. 14B, the 
core 1406 includes a U-shaped trough 1409. The dimen- 
sions of the core 1406 and the trough 1409 can be varied 
based on the following factors. First, the 1406 must be 
sized to fit within the grooves 1312, 1315. In addition, 
the height and width of the trough 1409 should be se- 
lected to optimize the magnetically conducting properties 
of the core 1406. Lying within the trough 1409 of the core 



1406 is an electrically conductive coil 1403. This coil 
1403 comprises at least one loop of an insulated wire (not 
otherwise shown), typically only a single loop. The wire 
may be copper and insulated with varnish, enamel, or a 
polymer. A tough, flexible polymer such as high density 
polyethylene or polymerized tetrafluoroethane ("PTFE") is 
particularly suitable for an insulator. The specific proper- 
ties of the wire and the number of loops strongly influ- 
ence the impedance of the coil 1403. 
[0080] The coil 1403 is preferably embedded within a material 
(not shown) filling the trough 1409 of the core 1406. The 
material should be electrically insulating and resilient, the 
resilience adding further toughness to the core 1406. 
Standard commercial grade epoxies combined with a ce- 
ramic filler material, such as aluminum oxide, in propor- 
tions of about 50/50 percent suffice. The core 1406 is, in 
turn, embedding in a material (not shown) filling the 
groove 1312 or 1315. This second embedment material 
holds the core 1406 in place and forms a transition layer 
between the core 1406 and the steel of the pipe to protect 
the core 1406 from some of the forces seen by the steel 
during joint makeup and drilling. This resilient, embed- 
ment material may be a flexible polymer, such as a two- 



part, heat-curable, aircraft grade urethane. Voids or air 
pockets should also be avoided in this second embedment 
material, e.g., by centrifuging at between 2500 to 5000 
rpm for about .5 to 3 minutes. 

[0081] Returning to FIG. 13B FIG. 13C, a rounded groove 1324 is 
formed within the bore wall for conveying an insulated 
conductor means 1348 along the section 1300. The con- 
ductor means 1348 is attached within the groove 1324 
and shielded from the abrasive drilling fluid. The conduc- 
tor means 1348 may consist of wire strands or a coaxial 
cable. The conductor means 1348 is mechanically at- 
tached to each of the toroidal cores 1318, 1321 in a man- 
ner not shown. When installed into the grooves 1312, 
1315, the electromagnetic couplers 1316 are potted in 
with an abrasion resistant material in order to protect 
them from drilling fluids (not shown). 

[0082] An electrical conductor 1348, shown in FIG. 13B FIG. 13C, 
is connected between the coils 1403 at the box and pin 
ends 1306, 1309 of the section 1300. The electrical con- 
ductor 1348 is, in the illustrated embodiment, a coaxial 
cable with a characteristic impedance in the range of 
about 30 ohm - 120 ohm, e.g., in the range of about 50 
ohm - 75 ohm. In the illustrated embodiment, the electri- 



cal conductor 1403 has a diameter of about 0.25"or 
larger. 

[0083] However, other conductors (e.g., twisted wire pairs) may 
be employed in alternative embodiments. 

[0084] The conductor loop represented by the coils 1403 and the 
electrical conductor 1348 is completely sealed and insu- 
lated from the pipe of the section 1300. The shield (not 
otherwise shown) should provide close to 100% coverage, 
and the core insulation should be made of a fully-dense 
polymer having low dielectric loss, e.g., from the family of 
polytetrafluoroethylene ("PTFE") resins, Dupont"s Teflon® 
being one example. The insulating material (not otherwise 
shown) surrounding the shield should have high tempera- 
ture resistance, high resistance to brine and chemicals 
used in drilling muds. PTFE is again preferred, or a linear 
aromatic, semi-crystalline, polyetheretherketone thermo- 
plastic polymer manufactured by Victrex PLC under the 
trademark PEEKO. The electrical conductor 1348 is also 
coated with, for example, a polymeric material selected 
from the group consisting of natural or synthetic rubbers, 
epoxies, or urethanes, to provide additional protection for 
the electrical conductor 1348. 

[0085] Referring now to FIG. 13A and FIG. 14A, as was mentioned 



above, the coil 1403 of the illustrated embodiment ex- 
tends through the core 1406 to meet the electrical con- 
ductor 1348 at a point behind the core 1406. Typically, 
the input leads 1412 extend through not only the core 
1406, but also holes (not shown) drilled in the grooves 
1315, 1312 through the enlarged walls of the pin end 
1306 and box end 1309, respectively, so that the holes 
open into the central bore 1354 of the pipe section 1300. 
The diameter of the hole will be determined by the thick- 
ness available in the section 1300 and the input leads 
1412. For reasons of structural integrity it is preferably 
less than about one half of the wall thickness, with the 
holes typically having a diameter of about between 3 mm 
and 7 mm. The input leads 1412 may be sealed in the 
holes by, for example, urethane. The input leads 1412 are 
soldered to the electrical conductor 1348 to effect the 
electrical connection therebetween. 
[0086] Returning to FIG. 12A, a pin end 1306 of a first section 

1300 is shown mechanically attached to the box end 1309 
of a second section 1300 by means of the mating threads 
1336, 1339. The sections 1300 are screwed together until 
the external shoulders 1330, 1351 are compressed to- 
gether forming the primary seal for the joint 1200 that 



prevents the loss of drilling fluid and bore pressure during 
drilling. When the joint 1200 is made up, it is preloaded to 
approximately one half of the torsional yield strength of 
the pipe, itself. The preload is dependent on the wall 
thickness and diameter of the pipe, and may be as high as 
70,000 foot-pounds. The grooves 1312, 1315 should 
have rounded corners to reduce stress concentrations in 
the wall of the pipe. 

[0087] when the pin and box ends 1306, 1309 of two sections 
1300 are joined, the electromagnetic coupler 1316 of the 
pin end 1306 and the electromagnetic coupler 1316 of 
the box end 1309 are brought to at least close proximity. 
The coils 1403 of the electromagnetic couplers 1316, 
when energized, each produces a magnetic field that is 
focused toward the other due to the magnetic permeabil- 
ity of the core material. When the coils are in close prox- 
imity, they share their magnetic fields, resulting in elec- 
tromagnetic coupling across the joint 1200. Although is 
not necessary for the electromagnetic couplers 1316 to 
contact each other for the coupling to occur, closer prox- 
imity yields a stronger coupling effect. 

[0088] Thus, the drill strong 1103 is assembled, each joint 1200 
between the various sections thereof magnetically cou- 



pling to create a transmission path the length of the drill 
string 1103 from the instrumented bit 800 to the surface 
1107. In this particular embodiment, the instrumented bit 
800 gathers the data and transmits it uphole to the com- 
puting apparatus 1124 at the surface 1107. Depending on 
the type of data collected by the transducers 803, the data 
may be presented to a user, analyzed, stored for later use, 
or some combination of these things. 

[0089] As those in the art having the benefit of this disclosure 
will appreciate, the present in invention is not limited to 
instrumented bits used in vertical drilling or in drilling 
wells. FIG. 15 illustrates a directional drilling application 
1500, in which an instrumented bit 100, first shown in 
FIG. 1 FIG. 2, comprises a portion of a drill string 1503. 
Note, however, that any of the embodiments disclosed 
herein may be used in such an application. In the illus- 
trated embodiment, the drill string 1503 is being used to 
drill a bore 1506 under a water barrier 1509, although 
there are many other possible directional drilling scenar- 
ios. In the illustrated embodiment, the drill string 1503, 
aside from the instrumented bit 100, can be implemented 
in any conventional fashion known to the art. 

[0090] The following patent and patent application are hereby in- 



corporated by reference for all purposes as if expressly 
set forth verbatim herein: 

[0091] -united States Letters Patent 6,670,880, entitled "Down- 
hole Data Transmission System, "and issued December 30, 
2003, in the name of the inventors David R. Hall, et al. 

[0092] -United States Provisional Application Serial No. 

60/521,299, entitled "Wear Sensor", and filed on March 
29, 2004, in the name of the inventors Marcel Boucher, et 
al. (Attorney Docket No. 78.1173). 

[0093] This concludes the detailed description. The particular 

embodiments disclosed above are illustrative only, as the 
invention may be modified and practiced in different but 
equivalent manners apparent to those skilled in the art 
having the benefit of the teachings herein. Furthermore, 
no limitations are intended to the details of construction 
or design herein shown, other than as described in the 
claims below. It is therefore evident that the particular 
embodiments disclosed above may be altered or modified 
and all such variations are considered within the scope 
and spirit of the invention. Accordingly, the protection 
sought herein is as set forth in the claims below. 



